Cytoplasmic intermediate filaments (cIFs) are thought to provide mechanical strength to vertebrate cells; however, their function in invertebrates has been largely unexplored. The Caenorhabditis elegans genome encodes multiple cIFs. The C. elegans ifb-1 locus encodes two cIF isoforms, IFB-1A and IFB-1B, that differ in their head domains. We show that both IFB-1 isoforms are expressed in epidermal cells, within which they are localized to muscle-epidermal attachment structures. Reduction in IFB-1A function by mutation or RNA interference (RNAi) causes epidermal fragility, abnormal epidermal morphogenesis, and muscle detachment, consistent with IFB-1A providing mechanical strength to epidermal attachment structures. Reduction in IFB-1B function causes morphogenetic defects and defective outgrowth of the excretory cell. Reduction in function of both IFB-1 isoforms results in embryonic arrest due to muscle detachment and failure in epidermal cell elongation at the 2-fold stage. Two other cIFs, IFA-2 and IFA-3, are expressed in epidermal cells. We show that loss of function in IFA-3 results in defects in morphogenesis indistinguishable from those of embryos lacking ifb-1. In contrast, IFA-2 is not required for embryonic morphogenesis. Our data indicate that IFB-1 and IFA-3 are likely the major cIF isoforms in embryonic epidermal attachment structures. D
Introduction
Animal cells contain three major types of cytoskeletal filament: actin microfilaments, microtubules, and intermediate filaments (IFs). Cytoplasmic intermediate filaments (cIFs) play essential roles in providing mechanical strength to cells (Fuchs and Weber, 1994; Lazarides, 1980) . Compared to actin or tubulin filaments, intermediate filaments are flexible and have high tensile strength. In human skin, mechanical strength within cells is provided by keratins, which are linked to the basal extracellular matrix via hemidesmosomes (HDs) and to other cells via desmosomes. Mutations in human keratins and in components of HDs and desmosomes have been found in patients suffering from epidermal fragility syndromes, in which regions of skin subject to shearing forces become blistered (Fuchs, 1996; Fuchs and Cleveland, 1998) .
Unlike actin and tubulin, which form small and highly conserved protein families in all eukaryotes, the protein subunits of intermediate filaments are encoded by a large and diverse family of genes (Hesse et al., 2001; Zimek et al., 2003) . In vertebrates, IFs have been grouped into six major classes based on sequence similarity, assembly properties, and tissue specificity (Fuchs and Weber, 1994) . The nuclear lamins form one class (Class V); the other classes are composed of subunits for cytoskeletal intermediate filaments (cIFs) . Epithelial cells express the acidic keratins (Class I) and basic keratins (Class II); Class I IFs are obligate heterodimers with Class II IFs. Mesenchymal cells express vimentin, desmin, and related proteins that make up Class III and which form homopolymeric IFs. Neuronal intermediate filaments (neurofilaments) comprise Class IV. All IF family members share a central rod domain that forms coiled coils, flanked by variable non-a-helical head and tail domains. The rod domain of an IF protein determines its assembly properties. The head and tail domains of cIFs appear to influence the thermodynamic interactions among subunits during IF polymerization (Ching and Liem, 1999) and also mediate interactions with IF-associated proteins (Smith and Fuchs, 1998) .
The large size of the cIF family in vertebrates correlates with genetic redundancy in cIF function. For example, loss of function mutations in murine vimentin or glial fibrillary acidic protein (GFAP) cause subtle cellular and organismal phenotypes (Colucci-Guyon et al., 1994; Pekny et al., 1995) ; mice lacking both vimentin and GFAP are viable and display defects in glial scar formation (Pekny et al., 1999) . Lack of the major epidermal keratin K17 in mice causes incompletely penetrant hair loss, apparently due to functional compensation by other keratins (McGowan et al., 2002) . Forward genetic analysis of cIF function may provide insights that are more difficult to obtain in vertebrates. However, there has been little analysis of cIF function in genetic model organisms. Saccharomyces cerevisiae contains two proteins distantly related to cIFs, Mdm1 (McConnell and Yaffe, 1993) and Fin1 (Mayordomo and Sanz, 2002) ; only Fin1 has been shown to form 10-nm filaments resembling those of metazoan cells (van Hemert et al., 2002) . Cytoplasmic IFs are absent from the Drosophila genome (Goldstein and Gunawardena, 2000) . In contrast, nematodes have long been known to express cIFs in many tissues, based on immunological and ultrastructural criteria (Bartnik and Weber, 1988; Bartnik et al., 1986; Francis and Waterston, 1991; Weber et al., 1989) . The genome of the nematode Caenorhabditis elegans contains 11 cIF genes (Karabinos et al., 2001) ; as a result of alternative splicing and promoter usage (Dodemont et al., 1994) , C. elegans likely expresses over 15 distinct cIF proteins.
The most well-known role of C. elegans cIFs is in attachment structures in epidermal cells that connect muscles to the external cuticle (Francis and Waterston, 1991) . These attachment structures transduce the contractile forces generated by body muscles (which are basal to the epidermis) across the epidermal cell layer to the exoskeleton, which is secreted by the apical epidermis. Underlying body wall muscles are required to localize attachment structures to adjacent regions of the epidermis, although the nature of the signal from muscle to epidermis has not been determined (Hresko et al., 1994 (Hresko et al., , 1999 . Attachment structures are also found in other parts of the epidermis where a strong cell-cuticle attachment is needed. Ultrastructurally, epidermal attachment structures consist of two apposed hemidesmosome-like plaques at the basal and apical membrane of the epidermis, connected by a short fibrous region, and hence are also known as fibrous organelles. cIFs are thought to form the fibrous region between the HD-like plaques (Francis and Waterston, 1991) . In C. elegans, prominent intermediate filaments and hemidesmosomes are also found in the epithelial marginal cells of the pharynx (Albertson and Thomson, 1976) . Anti-IF immunostaining also reveals IFs in the hermaphrodite uterus, the excretory system, the intestine, and cells associated with sensory neurons.
Recent molecular genetic analyses of C. elegans epidermal attachment structures suggest that these organelles are both functionally and structurally similar to hemidesmosome -keratin adhesion complexes of vertebrate epithelia. The C. elegans spectraplakin VAB-10A, which is the ortholog of the vertebrate HD component Plectin, is localized to membrane plaques of attachment structures (Bosher et al., 2003) . Other known non-IF components of attachment structures include the transmembrane proteins Myotactin (Hresko et al., 1999) , MUP-4 (Hong et al., 2001) , and MUA-3 (Bercher et al., 2001) , and the ankyrin repeat protein VAB-19 (Ding et al., 2003) . Of these four proteins, only VAB-19 has recognizable homologs in other species.
Loss of function in attachment structure components frequently results in detachment of body muscles from the cuticle, consistent with attachment structures functioning to promote mechanical strength in the epidermis (Hapiak et al., 2003) . However, a subset of attachment structure components are also essential for the phase of epidermal morphogenesis known as elongation (Bosher et al., 2003; Hong et al., 2001; Hresko et al., 1999) . Elongation, the process by which the embryo extends from a bean shape to a long thin worm, involves coordinated changes in the shape of epidermal cells. These cell shape changes require actomyosinbased contractions in the lateral epidermis (Priess and Hirsh, 1986; Wissmann et al., 1997) , and also require functional microtubules. It is not yet understood why IF-containing structures are required for epidermal elongation (Chin-Sang and Chisholm, 2000) . The requirement for attachment structures in elongation might reflect detachment of body wall muscles, as muscle function is, for unknown reasons, also required for elongation cell shape changes . Additionally, epidermal attachment structures and circumferential actin bundles have complementary distributions in the epidermis (Bosher et al., 2003) . Thus, the IF cytoskeleton likely interacts with the epidermal actin cytoskeleton, suggesting that disruption of epidermal IFs could lead to disorganization of epidermal actin and thus failure in epidermal cell shape change (Ding et al., 2003) .
At least four cIF subunits are expressed in epidermal cells: IFA-2 (Hapiak et al., 2003) , IFA-3 (Karabinos et al., 2002) , and the two isoforms of IFB-1 (this paper). Genetic analysis has shown that IFA-2 is required for larval muscle attachment (Hapiak et al., 2003) ; IFA-2DGFP is localized to epidermal attachment structures, consistent with the predicted function of nematode cIFs in muscle attachment. Reduction of function in ifa-3 by RNA interference (RNAi) causes progressive paralysis in larval development and a low penetrance embryonic lethal phenotype (Karabinos et al., 2001) . In contrast, RNAi of ifb-1 was reported to cause highly penetrant defects in embryonic morphogenesis, although the cellular basis of these defects was not determined (Karabinos et al., 2001) . Here, we show using genetics and RNAi that both isoforms of IFB-1 have overlapping roles in epidermal morphogenesis, epidermal integrity, and muscle attachment. Both IFB-1 isoforms localize to epidermal attachment structures. In animals with reduced IFB-1A function, epidermal attachment structures are abnormal in morphology. We also explore the functional relationships of the different epidermal cIFs. IFB-1A, IFB-1B, and IFA-2 localize to attachment structures at the same stages yet have distinct mutant phenotypes. Reduction in IFA-3 function can result in fully penetrant arrest during embryonic elongation, suggesting that IFA-3 is also essential for embryonic epidermal morphogenesis.
Materials and methods

C. elegans genetics
Worm strains were generated from the wild-type Bristol N2, and grown at 20jC, unless stated, following standard procedures (Brenner, 1974) . ifb-1(ju71) was isolated from an ethyl methanesulfonic acid (EMS) screen for morphological mutants. Genetic map data deposited at Wormbase placed ifb-1(ju71) between bli-2 and lin-4 on chromosome II. Other mutations used were: LG I: unc-54(r293); LG II: tra-2(q122dm), maDf4, rrf-3(pk1426); LG X: lin-15(n765ts), ifa-2/mua-6(nc16). Complementation tests used tra-2(q122dm) to feminize parental hermaphrodites (Barstead and Waterston, 1991) .
Molecular biology
Cosmids spanning the bli-2 lin-4 interval were obtained from the Sanger Institute, Hinxton, UK. Transgenes containing cosmids M03F11, F22C7, and F10C1 rescued ifb-1(ju71) mutants. pCZ451 and pCZ450 were generated by subcloning a 11.6-kb EheI -AflII fragment or a 6.1-kb BamHI -AflII fragment of F22C7 into vector pSL1190 (Pharmacia), respectively. pCZ451 encodes both IFB-1 isoforms, whereas pCZ450 encodes only IFB-1A. pCZ451 and pCZ450 were injected at 0.1 and 0.2 ng/Al, respectively, with pRF4 (rol-6) as coinjection marker at 50 ng/Al. The pCZ450 extrachromosomal array juEx376 was integrated into the genome using TMP/UV mutagenesis (Yandell et al., 1994) to make juIs159 and juIs160, both of which rescue ju71 (Table 1, line 2 for juIs160).
To generate IFB-1ADGFP, we subcloned a 2.7-kb MluI fragment from pCZ450 into the MluI site in cDNA clone yk13c11, yielding the minigene pCZ453. We then inserted an XmaI fragment containing GFP (from pPD113.37) into the BspEI site of pCZ453, yielding pCZ454. pCZ454 was injected at 0.1 ng/Al and a chromosomal integrant of the pCZ454 array juEx468, juIs176, was generated by TMP/UV mutagenesis. juIs176 fully rescues ju71 (Table 1) . A second IFB-1ADGFP reporter, pCZ452, was made by inserting a SacI fragment of GFP (from pPD113.54) into the SacI site of pCZ450. pCZ452 transgenes (juEx382, juIs175) displayed similar expression to pCZ454 except that more ectopic IFB-1ADGFP aggregates were seen. pCZ452 transgenes partly rescued ju71 (not shown).
To construct GFP-tagged IFB-1B, we first cloned an NcoI-BamHI fragment of pCZ451, containing the 5365-bp upstream region and part of exon 1 of IFB-1B, into the IFB-1B cDNA clone yk336b8, to make the IFB-1B minigene pCZ481. The 6.4-kb SacII fragment of pCZ481 was cloned into the SacII site of pCZ454, to create the IFB-1BDGFP minigene pCZ482. Both constructs were injected at 0.1 ng/ Al with pRF4 and four transgenic lines were obtained for each. 0/4 pCZ481 lines rescued ju71 (data not shown). IFB-1BDGFP data shown in Fig. 3 were collected using the pCZ482 extrachromosomal array juEx595.
To identify the lesion in ju71, genomic DNA of the entire ifb-1 coding sequence and upstream region was amplified from ju71 and N2 animals. DNA sequences were determined using 33 P-labeled primers and the fmol sequencing kit (Promega). The breakpoints of the ju71 deletion (tattgcaaga [618 bp deleted] cacaccttca) were determined on both strands.
RNA interference
To generate cDNA templates for RNA interference of both ifb-1 isoforms, we subcloned a 900-bp MluI-SacII fragment from yk13c11 into the L4440 vector (Fire et al., 1998) . dsRNAs were generated by standard procedures and injected into the germline of parental worms at a concentration of 5 Ag/Al. For isoform-specific RNAi, we deleted the common exons (contained in the MluI-XhoI fragment) from ifb-1(ju71) causes lethality and morphogenetic phenotypes (line 1) that are rescued by transgenes encoding only IFB-1A (line 2) or IFB-1ADGFP (line 3). The ju71 phenotypes are enhanced in trans to a chromosomal deficiency (compare lines 4 and 5), consistent with ju71 causing a partial loss of function. The penetrance of embryonic lethality of ifb-1(ju71) is slightly enhanced by ifa-2(nc16) (compare lines 6 and 7); ifb-1(ju71) ifa-2 double-mutant embryos resembled ifb-1(ju71) in their terminal phenotypes. ifa-2(nc16)/lin-15(n765) heterozygotes segregated 25% Mua larvae that arrested between the L1 and L4 stages.
cDNAs yk13c11 (IFB-1A) and yk336b8 (IFB-1B), yielding isoform-specific templates of 116 and 165 bp, respectively. RNAs were transcribed from the T3 and T7 promoters; dsRNA was made and injected as above. To test the specificity of the isoform specific RNAi, we injected the isoformspecific RNAs into ifb-1ADGFP(juIs176) animals. For ifa-3 RNAi, we cloned a 584-bp fragment, corresponding to nt 13 -597 of the IFA-3 cDNA, into the L4440 vector. dsRNA was made and injected as above. The overall sequence identity between IFA-3 and IFA-2 in this fragment is 83.4%, with two blocks of identity 21 nt or greater; for comparison, the sequence identity of the 3V fragment previously used for ifa-3 RNAi is 84.2% with six 21-nt blocks of identity (Karabinos et al., 2001 ).
To quantify RNAi phenotypes, we recorded the embryonic and larval lethality and morphology of progeny produced between 3 and 26 h postinjection. For 4-D analysis of RNAi-affected embryos, we analyzed embryos dissected from hermaphrodites at either 6 or 20 h postinjection. For RNAi experiments in the rrf-3 mutant background, we propagated rrf-3 animals at 15jC and quantified phenotypes between 20 and 49 h postinjection.
Analysis of embryonic morphogenesis and muscle attachment
Time-lapse microscopy in multiple focal planes using Nomarski optics (4-D) was performed as described previously (Chin-Sang et al., 1999) . Fifteen of thirty-four ifb-1(ju71) embryos arrested at the 3-fold stage of embryonic elongation under this condition. We also analyzed embryos by recording developmental stages every 1 -3 h. Twentyfour of fifty-six ifb-1(ju71) embryos arrested at the 3-fold stage in this assay. Floating cells or epidermal ruptures were observed in 6 of 10 arrested embryos. To visualize muscle detachment in embryos, we used the functional PAT-2DGFP transgene stEx37, kindly provided by Ben Williams.
Immunostaining and immunoblotting
Immunostaining was carried out as described (Finney and Ruvkun, 1990) , except that the permeabilization time was extended to 3.5 -4 h. Chicken anti-GFP (Chemicon) was used at 1:100 dilution; monoclonal supernatants anti-MYO-3 myosin heavy chain (DM5-6, from David Miller), MH4, MH27 (anti-AJM-1), and MH46 (Developmental Studies Hybridoma Bank, University of Iowa) were used at 1:200 dilution. Purified anti-IFB-1 antisera were generously provided by Anton Karabinos and Klaus Weber. Staining was visualized with appropriate secondary antisera. Images were acquired on a Leica TCS-NT confocal microscope, a Zeiss LSM Pascal confocal microscope, or a Zeiss Axioplan 2. Western blots were performed according to standard protocols (Harlow and Lane, 1999) . Worm lysates were collected by adding 400 Al of 2Â protein loading buffer to 100 Al of mixed stage worms. MH4 was diluted 1:2000; purified anti-IFB-1 was diluted 1:200. The anti-ATN-1 (a-actinin) monoclonal antibody MH35 (Francis and Waterston, 1985) was used as a loading control. Binding was detected using HRPconjugated secondary antibodies.
Electron microscopy
Young adult worms were prepared for electron microscopy as previously described (Hallam et al., 2002) . Five hundred transverse thin sections were cut from the head region of three ju71 adults and one wild-type adult; 100 longitudinal sections were cut from one ju71 adult. Two ju71 adults had detached or displaced body muscles in both dorsal quadrants; in these animals, the pharynx was displaced ventrally. (B) ifb-1 genomic rescuing fragments and structure of IFB-1DGFP constructs. The two isoforms of IFB-1 arise from alternative 5Vexons (black boxes) that splice to exons 2 -7 (white boxes). The IFB-1A isoform (F10C1.2A) corresponds to cDNA b 1 (Dodemont et al., 1994) . The IFB-1B isoform (F10C1.2B) is predicted from sequences of cDNAs isolated by a C. elegans EST sequencing project. The breakpoint of the ju71 deletion is 253 bp 5V to the ATG of IFB-1A. (C) Western blot of mixed stage worm lysates using an antibody raised against the common C-terminal region of IFB1. Relative to wild type, the lower band (IFB-1A) was specifically reduced in ju71 mutant animals. The IFB-1ADGFP fusion protein (predicted M.W. 90.6 kDa) expressed by juIs175 is recognized by the anti-IFB-1 antibody (left lane) but not by mAb MH4 (right lane).
Results
The ju71 mutation affects ifb-1, a gene encoding two intermediate filament proteins
In screens for C. elegans mutants with defective epidermal morphogenesis, we isolated a mutation, ju71, which causes variable defects in epidermal morphogenesis (the variable abnormal or Vab phenotype) leading to incompletely penetrant lethality (Table 1) . We mapped ju71 and found that it is a 617-bp deletion between the two alternative first exons of ifb-1 (Fig. 1) . ifb-1(ju71) behaves genetically as a partial loss-of-function mutation (Table 1) .
The ifb-1 locus encodes two cIF isoforms, IFB-1A (558-amino-acid residues, 63.7 kDa) and IFB-1B (589-amino-acid residues, 67.1 kDa). The IFB-1 isoforms differ in their Nterminal head domains, which are encoded by alternative 5V exons transcribed from different promoters. We analyzed the expression levels of IFB-1 isoforms in ju71 mutants using an antibody raised against the IFB-1 C-terminus (Karabinos et al., 2001) . In Western blots of extracts of wild-type animals, this antibody detects two bands with sizes consistent with the N) , display normal muscle twitching but do not roll, and gradually stop moving as they arrest (O). Muscle morphology (arrows) in mock-treated (P) and in ifb-1(RNAi) embryos (Q, R) visualized using a GFP-tagged version of the PAT-2 a-integrin; R shows DIC for the embryo in Q. (S -U) Isoform-specific RNAi results in distinct larval phenotypes. ifb-1A(RNAi) results in muscle detachment (arrow, S) and epidermal morphogenesis defects resembling those of ifb-1(ju71)/maDf4 animals (arrow, T). In contrast, ifb-1B(RNAi) larvae are typically thinner than the wild type and display defective outgrowth of the excretory cell canal, leading to distended canals (arrow, U). Scale bars, 10 Am for A -I, L -R; 20 Am for J, K, S -U.
two IFB-1 isoforms. In extracts from ju71 mutants, the lower band (IFB-1A) was markedly reduced (Fig. 1C) . Consistent with these data, transgenes encoding only IFB-1A fully rescued ju71 phenotypes (Fig. 1B, Table 1 ). Transgenes encoding IFB-1B did not rescue ju71 phenotypes (see below), suggesting that IFB-1B cannot substitute for IFB-1A function. We conclude that ju71 likely deletes regulatory sequences required for expression of IFB-1A.
Both IFB-1 isoforms function in morphogenesis and epidermal integrity
Using time-lapse (4-D) Nomarski microscopy, we found that the epidermal defects of ifb-1(ju71) embryos arose after the 2-fold stage of epidermal elongation. Within 20 -30 min after the 2-fold stage, the anterior epidermis of ifb-1(ju71) embryos became distorted (Figs. 2E -H) . About 50% of ifb-1(ju71) embryos arrested at the 3-fold stage and displayed ruptures of the head epidermis (Fig. 2I ). These observations suggest that IFB-1A promotes strength of epidermal cells during later stages of embryonic elongation. Most ifb-1(ju71) mutant adults displayed defective head region muscle attachment (the Mua phenotype; see also Fig. 4B ); in ifb-1(ju71)/Df animals, muscle attachment defects were seen throughout the body (Fig. 2T) .
RNA interference of ifb-1 using dsRNA sequences common to both isoforms was previously shown to result in embryonic lethality (Karabinos et al., 2001) . We have confirmed these observations: RNAi of ifb-1 by injection into N2 parents resulted in 100% embryonic lethality; over 90% of ifb-1(RNAi) embryos arrested at the 2-fold stage of elongation and displayed defects in epidermal morphogenesis and detachment of body muscles. Using 4-D microscopy, we found that such ifb-1(RNAi) embryos developed normally to the 2-fold stage (Fig. 2L) , after which body muscle detachment became apparent. ifb-1(RNAi) embryos twitched normally, but never rolled, then retracted slightly and arrested as 2-fold embryos with lumpy morphology and detached body muscles (Figs. 2M -R) . RNAi of ifb-1 in an RNAi hypersensitive mutant background (rrf-3) caused a similar and essentially fully penetrant arrest at the 2-fold stage (Table 2 ). Because ifb-1 RNAi phenotypes in rrf-3 and N2 backgrounds were similar and fully penetrant, we propose that they likely represent the ifb-1 null phenotype.
The severe defects in elongation and muscle detachment leading to arrest at the 2-fold stage are not seen in ifb-1(ju71) or ifb-1(ju71)/Df embryos, suggesting that both isoforms of ifb-1 might function partly redundantly in embryonic elongation, and that function of IFB-1B is sufficient to promote elongation through the 2-fold stage in ju71 mutants. Consistent with this hypothesis, we found that RNAi of either ifb-1A-or ifb-1B-specific exons caused defects in epidermal elongation similar to those of ifb-1 (common exon) RNAi but with lower penetrance (Table 2) . ifb-1A(RNAi) in strains expressing IFB-1ADGFP resulted in almost complete elimination of the GFP signal. In contrast, ifb-1B(RNAi) in IFB-1ADGFP-expressing animals caused disorganization of the IFB-1ADGFP pattern but no reduction in expression level (data not shown). These observations confirm that the RNAi is isoform-specific, and further show that IFB-1B function is necessary for normal IFB-1A organization in the epidermis.
Although the effects of isoform-specific RNAi on embryogenesis were indistinguishable, RNAi of A or B isoforms had consistently different effects in post-embryonic stages, both in the N2 and rrf-3 backgrounds (Table 2) . ifb-1A(RNAi) larvae had abnormal morphology and displayed Mua phenotypes (Fig. 2S ) similar to those seen in ifb-1(ju71)/Df animals (Fig. 2T) . In the rrf-3 background, 27.7% (132/476) of ifb-1A(RNAi) F 1 animals displayed Mua phenotypes, leading to progressive paralysis and a coiled posture similar to that observed in mua mutants such as mua-3 (Plenefisch et al., 2000) . ifb-1A(RNAi) animals also displayed occasional defects in migration of the somatic gonadal arms (data not shown); as these migration defects developed late, they could be a secondary consequence of the muscle detachment. In contrast, ifb-1B(RNAi) larvae displayed normal locomotion and showed highly penetrant defects in the outgrowth and morphology of the excretory cell (Fig. 2U) . In the rrf-3 background, 80% (356/442) of ifb-1B(RNAi) F 1 animals arrested at the L1 stage with excretory canal outgrowth defects. In summary, our observations suggest that the IFB-1 isoforms have similar and possibly redundant functions in embryonic epidermal elongation but that they have diverging functions in later development. Progeny of between four and nine injected parental hermaphrodites were analyzed. Mock injections (water, or an unrelated dsRNA) into N2 or rrf-3 resulted in <1% total lethality (data not shown). a ifb-1B(RNAi) larvae were thin and arrested at the L1 stage with excretory canal defects (Fig. 2U) . b Non-Vab ifb-1B(RNAi) animals were slow growing.
IFB-1 isoforms are expressed in the epidermis and localize to epidermal-muscle attachment structures
To understand why IFB-1 isoforms are required for epidermal morphogenesis and muscle attachment, we generated transgenes in which IFB-1A was tagged with GFP; these transgenes fully rescued ifb-1(ju71) mutant phenotypes (Table 1) indicating that their expression reflects endogenous ifb-1A expression. We also constructed transgenes in which IFB-1B was tagged with GFP; equivalent IFB-1B transgenes lacking the GFP tag did not rescue ifb-1(ju71) (data not shown). The expression patterns of IFB-1ADGFP and IFB-1BDGFP transgenes were mostly overlapping, with some differences described below. The expression patterns observed with these isoform-specific transgenes were also consistent with the pattern of staining of the anti-IFB-1 antibody, which recognizes both isoforms (Fig. 1C) .
IFB-1ADGFP was first detected in epidermal cells at the enclosure stage of embryogenesis (Fig. 3A) . By the 1.5-fold stage, IFB-1ADGFP began to accumulate in regions of epidermal cells adjacent to body wall muscles (Fig. 3B) . In embryos after the 2-fold stage, larvae, and adults, IFB-1ADGFP localized to circumferential stripes in the parts of the epidermis that contact body wall muscles and in double tracks corresponding to epidermis overlying the processes of mechanosensory neurons (Fig. 3C) ; these patterns of subcellular localization correspond to epidermal attachment structures, also known as fibrous organelles. IFB-1BDGFP was also expressed in the epidermis in a pattern indistinguishable from that of IFB-1A (Fig. 3E) . Thus, both isoforms of IFB-1 are expressed in the epidermis and localized to the same subcellular compartments. We compared the two GFP patterns to the anti-IFB-1 antibody staining pattern. Anti-IFB-1 was previously reported (Karabinos et al., 2001 ) to stain several nonepidermal cell types. We confirmed anti-IFB-1 staining in these cells (see below); however, in addition, we observed consistent anti-IFB-1 staining in epidermal attachment structures (Fig. 3F) . The expression patterns of the GFP- Fig. 3 . IFB-1 isoforms are epidermally expressed and localize to epidermal attachment structures. (A) Expression of IFB-1ADGFP juIs176, visualized with anti-GFP immunostaining (green) in dorsal epidermal cells at early epidermal elongation (comma) stage; epidermal cells are labeled using anti-AJM-1 immunostaining (red). (B) IFB-1ADGFP expression in dorsal and ventral, but not lateral epidermal stage at 1.5-fold stage (lateral view); some IFB-1ADGFP has become localized to muscle-adjacent regions of the dorsal epidermis (arrow). IFB-1A-GFP or IFB-1B-GFP expressing transgenic animals often display widespread GFP-containing aggregates (arrowheads) that do not correlate with known epidermal structures and which are not seen in anti-IFB-1 or MH4 immunostaining of wild-type animals. GFP-tagged cIFs may be particularly prone to formation of such aggregates, as similar structures are seen in IFA-2DGFP transgenic animals (Hapiak et al., 2003) . The aggregates tend to be globular in embryos and early larvae, and in later stages form long filamentous structures. The IFB-1A-GFP aggregates are also MH4-positive (data not shown), suggesting that ectopic IFB-1 is capable of heteropolymerization or association with MH4-positive cIFs. and IFB-1ADGFP (genotype juEx382, green). IFB-1ADGFP and Myotactin co-localize to muscle-adjacent epidermis; Myotactin does not localize to the aggregates of IFB-1ADGFP. In the pharynx, IFB-1ADGFP is found throughout the apical basal axis of marginal cells in the isthmus (P); Myotactin (Q, R) localizes to the basal (outer) surface of pharyngeal marginal and muscle cells. Scale bar, 10 Am. In the heads of ifb-1(ju71) adults, body muscles are detached, leading to a region around the anterior pharynx lacking body muscle (brackets); adherens junctions are marked by anti-AJM-1 immunostaining to show the pharynx relative to the area of muscle detachment. (C) In most ifb-1(ju71) unc-54 double mutants, head region muscles are attached normally, although some mild mis-attachment is occasionally seen (arrow). Scale bar, 20 Am.
tagged IFB-1 transgenes support the conclusion that this anti-IFB-1 staining in epidermal cells is specific.
The circumferential stripes of IFB-1 isoforms in the epidermis resemble the pattern of attachment structure localization. Components of attachment structures include the spectraplakin VAB-10A, the transmembrane receptorlike proteins Myotactin, MUP-4 and MUA-3, and one or more intermediate filaments recognized by the monoclonal antibody MH4. To test if IFB-1A was a component of attachment structures, we asked if IFB-1A-GFP co-localized with these known markers for attachment structures. The monoclonal antibody MH4 recognizes an epitope common to IFA-1, IFA-2, and IFA-3 (Karabinos et al., 2001) , and does not recognize IFB-1 (Fig. 1C) . MH4 staining and IFB-1ADGFP expression co-localized in both embryonic and adult epidermal cells (Figs. 3G -L) . In the adult epidermis, IFB-1ADGFP partly co-localized with Myotactin (Figs. 3M -O), a transmembrane protein that localizes to or close to the basal parts of epidermal attachments (Hresko et al., 1999) .
We also observed prominent expression of IFB-1 isoforms in the pharynx. Pharyngeal marginal epithelial cells contain loose bundles of intermediate filaments extending from the basal (outer) surface of the pharynx to the apical lumen (Albertson and Thomson, 1976) ; these filaments contain MH4-positive IFs (Francis and Waterston, 1991) and are attached to the membrane via VAB-10A-containing membrane plaques, indicating that they are similar in composition to epidermal attachment structures. Using our isoform-specific GFP constructs, we found that both IFB-1A and IFB-1B are expressed in marginal cells of the pharynx. IFB-1BDGFP transgenes were expressed throughout the length of the pharynx (data not shown), whereas IFB-1ADGFP transgenes were expressed in a subset of pharyngeal marginal cells (Fig. 3P) . In pharyngeal marginal and muscle cells, Myotactin is localized basally (Fig. 3Q) , whereas IFB-1ADGFP and IFB-1BDGFP were distributed throughout the apical -basal axis (Fig. 3P) . These data confirm previous reports of anti-IFB-1 staining in pharyngeal marginal cells (Karabinos et al., 2001) , and suggest that IFB-1B is the predominant IFB-1 isoform in pharyngeal tonofilaments.
In addition to epidermal and pharyngeal expression, both IFB-1 isoforms were expressed in other cell types. Both isoforms were localized to the processes of the excretory cell and the excretory duct. IFB-1B, but not IFB-1A, transgenes were highly expressed in the uterine epithelium (not shown).
IFB-1A is required for stable muscle attachment and for mechanical strength of the epidermis
The finding that IFB-1 isoforms are components of transepidermal attachment structures accounts for the muscle detachment observed in ifb-1(RNAi) embryos, as similar muscle detachment phenotypes have been observed in embryos lacking the embryonic attachment structure components VAB-10A (Bosher et al., 2003) and MUP-4 (Hong et al., 2001) . Nevertheless, the muscle attachment defects of animals with reduced IFB-1 function could reflect a failure in initial positioning of muscles on the epidermis, or might reflect normally positioned but mechanically weak muscle attachments that can be broken by the force of muscle contraction, similar to those found in some post-embryonic muscle attachment mutants (Plenefisch et al., 2000) . To distinguish among these hypotheses, we reduced body muscle contraction in ifb-1(ju71) mutants by introduction of a mutation in the unc-54 gene, which encodes the nonessential major myosin heavy chain B. Compared to wild-type animals (Fig. 4A) , over 90% of ifb-1(ju71) mutant larvae displayed detachment of body wall muscles in the head region, leading to a region of epidermis devoid of muscles (Fig. 4B) . We found that loss of unc-54 function strongly suppressed the head muscle detachment phenotype of ifb-1(ju71) (Fig. 4C) ; 40% of unc-54 ifb-1A double mutants displayed head Mua phenotypes. unc-54 did not significantly suppress the epidermal morphogenesis phenotypes of ifb-1(ju71) mutants. These results suggest that whereas the muscle attachment defects in ifb-1(ju71) arise partly from contractile forces generated by muscles on a weakened epidermis, the epidermal defects may be independent of muscle function, or may arise before unc-54 myosin becomes functional.
To examine how reduction in ifb-1 function affected muscle-epidermal attachment structures, we analyzed the ultrastructure of muscle-epidermal attachments in ifb-1(ju71) mutants. In the wild type (Fig. 5A) , attachment structures span the apical -basal axis of the epidermis in regions overlying muscle, a depth of approximately 200 nm (Francis and Waterston, 1991) . In ifb-1(ju71) mutants, the epidermal cell overlying muscle is often thickened to a depth of approximately 1 Am, and extended attachment structures span this entire depth (Fig. 5B) . These data are consistent with an epidermal focus for IFB-1A function in morphogenesis. Detached or mis-attached muscles were frequently seen in the head region of ifb-1(ju71) mutants; in such muscles, the myofilament lattice was often disorganized (also visible by anti-MYO-3 immunostaining; Figs. 4B, C), suggesting that muscle attachment is necessary for correct muscle organization.
The relative contributions of IFB-1, IFA-2, and IFA-3 to epidermal morphogenesis and muscle attachment
In addition to IFB-1 isoforms, at least two other C. elegans cIFs, IFA-2, and IFA-3, appear to be expressed in the embryonic and larval epidermis (Karabinos et al., 2001 (Karabinos et al., , 2002 . A functional IFA-2DGFP is localized to epidermal attachment structures during embryonic and larval development (Hapiak et al., 2003) . However, genetic analysis of ifa-2 indicates that it is not individually required for embryonic morphogenesis. ifa-2 mutants (previously known as mua-6) display normal embryogenesis; after hatching, ifa-2 mutants display muscle detachment, progressive paralysis, and arrest during the L1 or L2 stage (Plenefisch et al., 2000) . The ifa-2(nc16) mutation likely eliminates ifa-2 function (Hapiak et al., 2003) . To determine whether the late defects in embryogenesis of ifb-1(ju71) mutants or the normal embryogenesis of ifa-2 null mutants reflected partial redundancy of these two cIFs, we analyzed ifb-1(ju71) ifa-2(nc16) embryos derived from a strain homozygous for ifb-1(ju71) and Fig. 6 . Differing roles of IFA-2 and IFA-3 in embryogenesis. (A) ifa-2(nc16) null mutant, arrested in early L3 stage, displaying coiled posture, muscle detachment. (B) ifb-1(ju71) ifa-2(nc16) double mutant, arrested in L1 stage, showing head morphology defects (white arrow) and muscle detachment (outlined arrow). We quantified the arrest stages of Mua larvae (nc16 homozygotes) among the progeny of ifa-2(nc16)/lin-15 heterozygotes and ju71; nc16/n765 heterozygotes. One of fifteen nc16 Mua larvae arrested in the L1 stage, compared to 12/18 ju71; nc16 larvae. As <10% of ju71 mutants arrest during larval development (Table 1 line 1), these data indicate that ju71 nc16 double mutants display enhanced penetrance of early larval arrest compared to that expected from additivity of mutant phenotypes. (C) RNA interference of ifa-3 results in arrest at the 2-fold stage of elongation. Panels are frames from time-lapse movie of an ifa-3(RNAi) embryo in the rrf-3 background. Most ifa-3(RNAi) embryos elongate normally to the 2-fold stage, then develop constrictions in the epidermis (arrow, 435 min); like ifb-1(RNAi) embryos, ifa-3(RNAi) embryos display muscle contraction and twitching, but not rolling. In spot checks of terminal phenotypes, 44/50 ifa-3(RNAi) embryos arrested at the 2-fold stage; the remainder arrested between the 2-and 3-fold stages.
heterozygous for ifa-2(nc16). Such strains exhibited a slightly higher level of embryonic lethality than control strains (Table 1 , compare lines 6 and 7). Putative doublemutant embryos were indistinguishable in morphology from ifb-1(ju71) embryos; in particular, we did not observe embryos resembling the ifb-1 common exon RNAi phenotype. Thus, partial reduction of IFB-1A function was not compensated for by IFA-2, nor does loss of IFA-2 function lead to compensation by IFB-1A. However, ifb-1(ju71) ifa-2(nc16) double-mutant larvae displayed enhanced muscle detachment and earlier larval arrest compared to ifa-2(nc16) alone (Figs. 6A, B) . Thus, ifb-1 appears to have functions in larval muscle attachment that are independent of ifa-2.
The cIF IFA-3 is likely to be expressed in the epidermis, as shown by transcriptional reporter constructs (Karabinos et al., 2001) . The subcellular localization of IFA-3 has not been analyzed, although it is likely to resemble that of MH4. RNA interference of ifa-3 was reported to result in low penetrance (25%) embryonic lethality (Karabinos et al., 2001) ; the cellular defects of ifa-3(RNAi) embryos have not been described. To test whether IFA-3 might have similar functions to IFB-1 in embryogenesis, we examined the embryonic phenotypes of ifa-3(RNAi) animals. We found that ifa-3(RNAi) embryos displayed a highly penetrant embryonic lethal phenotype; when the sensitized background rrf-3 is used, 100% of ifa-3(RNAi) embryos arrested during embryogenesis (Table 2) . Using 4-D microscopy, we found that most (88%) of these ifa-3(RNAi) embryos arrested at the 2-fold stage with defects in epidermal morphogenesis and muscle attachment indistinguishable from those of ifb-1(RNAi) embryos (Fig. 6C) . We conclude that IFA-3 is most probably essential for embryonic elongation and that it is likely to be a component of embryonic epidermal attachment structures.
Discussion
C. elegans cIFs and those of other non-chordate animals differ from chordate cIFs in that they contain a 42-residue sequence in the rod domain that is also found in nuclear lamins. Phylogenetic analysis of IF sequences suggests that this 'lamin insert' was likely present in ancestral metazoan IFs; in chordates, the insert has been retained only in nuclear lamins (Erber et al., 1998) . Thus, although IFB-1 and other nematode cIFs are not directly orthologous to vertebrate keratins, our analysis of IFB-1 function and localization suggests that this cIF plays roles analogous to those of vertebrate keratins in promoting mechanical strength of epithelia and in regulation of cell shape. Genetic analysis of IFA-2 has shown that it is also essential for epidermal strength during larval development (Hapiak et al., 2003) .
This work, together with previous analyses, indicates that C. elegans epidermal attachment structures contain multiple distinct cIFs. We have shown that both IFB-1A and IFB-1B are localized to epidermal attachment structures in embryos, larvae, and adults; total ifb-1 mRNA levels are roughly uniform throughout development (Karabinos et al., 2002) . A rescuing IFA-2DGFP reporter is similarly localized to embryonic, larval, and adult attachment structures (Hapiak et al., 2003) ; ifa-2 mRNAs appear to be up-regulated during larval development (Karabinos et al., 2002) , paralleling the larval requirement for ifa-2 function in muscle attachment. An ifa-3 transcriptional reporter is expressed in embryonic and larval epidermis and down-regulated in adults (Karabinos et al., 2001) . Thus, at least three to four distinct cIF subunits are expressed in the C. elegans epidermis depending on the developmental stage.
IF-containing attachment structures, as visualized with the anti-IF monoclonal antibodies MH4 and IFA, are localized to epidermal regions overlying several different cell types (Francis and Waterston, 1991) , including (a) body wall muscles, (b), vulval and uterine muscles, (c), intestinal and anal depressor muscles, and (d) processes of mechanosensory neurons. The MH4 antibody recognizes IFA-1, IFA-2, and IFA-3 (Karabinos et al., 2001) . We have shown that IFB-1 isoforms, which are not apparently recognized by MH4, are co-expressed and co-localized with MH4-positive cIFs in the epidermis. Analysis of the subcellular distribution of IFB-1A, IFB-1B, and IFA-2 using specific GFP transgenes has not revealed any potential differences in the composition of attachment structures in different regions of the epidermis. For example, IFB-1A, IFB-1B, and IFA-2 all appear to be components of attachment structures connecting body wall muscles and mechanosensory neuron processes to the cuticle. Do attachment structures consist of homopolymers or heteropolymers of the different co-expressed cIFs? Studies of the in vitro assembly properties of cIFs from the nematode Ascaris lumbricoides first showed that nematode cIFs are capable of forming both homotypic and heterotypic polymers, with heterotypic polymerization being more efficient (Geisler et al., 1998; Weber et al., 1989) . The cIF denoted Ascaris-low or Ascaris-B in these studies is most similar (86% identity, 94% similarity) to C. elegans IFB-1B, suggesting that it may be the Ascaris ortholog of IFB-1B. Recent in vitro studies of C. elegans cIFs indicate that IFB-1A can form heterodimers with all four cIFs of the IFA-1 to -4 subgroup (Karabinos et al., 2003) . As yet, there is no evidence that IFA-1 or IFA-4 are either expressed in the epidermis or required for epidermal development. Thus, epidermal attachment structures may consist of heteropolymers of IFB-1A or IFB-1B with IFA-2 or IFA-3. An attachment structure 200 nm in diameter could accommodate up to 360 filaments 10 nm in diameter, suggesting that a single attachment structure could contain a highly heterogeneous set of heteropolymeric or homopolymeric filaments.
The genetic and RNAi analysis of ifb-1, ifa-2, and ifa-3 is consistent with IFB-1 isoforms functioning both in embryonic and larval epidermis and with IFA-2 and IFA-3 having different and possibly stage-specific roles. IFA-2 is required for larval but not embryonic muscle attachment. In contrast, reduction of ifa-3 function results in highly penetrant mor-phogenetic phenotypes that resemble the ifb-1 embryonic phenotypes. Our results for ifa-3 RNAi differ from those of Karabinos et al. (2001) in that we observe a much higher penetrance of embryonic arrest (85% versus 25%). This might reflect differences in the templates used for dsRNA synthesis, or other differences in dsRNA synthesis and injection (see Materials and methods). Although the regions of sequence identity between ifa-3 and ifa-2 could lead to inhibition of both genes in an RNAi experiment, the differing results of previous ifa-2 and ifa-3 RNAi experiments (Karabinos et al., 2001 ) suggest that such cross-inhibition is not extensive. In either case, the embryonic defects of ifa-3(RNAi) embryos likely reflect either a unique function for IFA-3 or a partly redundant function for IFA-2 and IFA-3 in embryonic morphogenesis.
If a single attachment structure contains multiple distinct cIFs, how might these IFs mediate distinct functions in development? Different IFs might interact with different IFAPs within the apical and basal plaques of the attachment structure. Interestingly, two related transmembrane components of epidermal attachment structures, MUP-4 and MUA-3, show differences in function that parallel the differences between IFB-1 and IFA-2. MUP-4 and MUA-3 define a family of large receptor-like proteins whose ECDs are distantly related to matrilins (Hahn and Labouesse, 2001) . mup-4 null mutants have defects in epidermal elongation, muscle attachment, and epidermal-cuticle attachment (Hong et al., 2001) , whereas mua-3 null mutants are defective in epidermal-cuticle attachment but not in epidermal elongation or muscle attachment (Bercher et al., 2001) . Both MUP-4 and MUA-3 are localized to epidermal attachment structures from late embryogenesis onwards. Double-mutant analysis suggests that despite their similarity in sequence and expression patterns, MUP-4 and MUA-3 do not have overlapping functions (Hong et al., 2001) . The intracellular domains of MUP-4 and MUA-3 have a similar compositional bias to the IFAP filaggrin, leading to the suggestion that these transmembrane receptors could directly interact with cytoplasmic IFs (Bercher et al., 2001 ). An attractively simple model would be that IFB-1A/B-IFA-3 cIFs mediate the intracellular functions of MUP-4 in embryonic epidermal morphogenesis, muscle attachment, whereas IFB-1A/B-IFA-2 cIFs mediate the functions of MUA-3 in post-embryonic muscle attachment.
Arguing against this simple model is the lack of evidence for a direct interaction between MUP-4/MUA-3 and cIFs. Using the yeast two-hybrid assay, we were unable to detect a direct interaction between the MUP-4 intracellular domain and either IFB-1 isoform (data not shown). Furthermore, mup-4 or mua-3 mutants display normal patterns of IF localization, as visualized by MH4 staining (Bercher et al., 2001) or IFB-1ADGFP (data not shown). Reduction of function in IFB-1 or IFA-3 by RNAi results in a more severe elongation phenotype (>90% arrest at the 2-fold stage in the sensitized rrf-3 background) than is observed in mup-4 null mutants (<10% arrest at the 2-fold stage; Gatewood and Bucher, 1997) . Because the ifb-1 or ifa-3 elongation phenotypes are more severe than the mup-4 null phenotype, IFB-1 and IFA-3 must have functions in elongation that are not mediated by MUP-4. Taken together, these data suggest that additional, as yet, unknown transmembrane components of attachment structures may transduce force from muscle to cIFs; if the transmembrane proteins MUP-4/MUA-3 couple to cIFs they may do so indirectly.
A likely candidate for a linker protein that could mediate force transduction between transmembrane proteins and cytoplasmic IFs is the spectraplakin VAB-10A/Plectin. In vertebrate hemidesmosomes, Plectin forms a molecular link between the transmembrane a 6 h 4 integrin and keratin cIFs. Plectin's N-terminal actin-binding domain binds the long intracellular tail of h 4 -integrin, and the C-terminal Plectin repeats interact with keratin cIFs (Geerts et al., 1999) . In C. elegans, integrins have not been shown to form part of epidermal attachment structures; moreover, a C. elegans ortholog of the unusual h 4 integrin has not yet been found. VAB-10A contains C-terminal Plectin repeats that may bind cIFs directly (Bosher et al., 2003) . Like IFB-1, VAB-10A is essential for epidermal morphogenesis and muscle attachment; reduction of vab-10A function by RNAi leads to disorganized epidermal cIFs that collapse to the side of cells. VAB-10A may not be absolutely required for the initial localization of cIFs or other attachment structure components, as some attachment structures are seen in the most severe vab-10A loss of function RNAi embryos (Bosher et al., 2003) . Thus, the order of assembly of attachment structure components and the nature of the inductive signals that localize epidermal cytoskeletal elements adjacent to muscle remain major unresolved questions. Answers to these questions may require live analysis of attachment structure biogenesis and localization. Such analysis is now possible through the development of functional cIF-GFP transgenes such as those described here.
